Introduction
============

Atherosclerosis, hypertension, diabetes and various other vascular remodeling diseases pose serious threats to human health. Restenosis (RS), following percutaneous coronary intervention, is a pathogenic vascular remodeling disease. At present, intra-intima migration and proliferation of vascular smooth muscle cells (VSMCs) are considered to be among the most prominent pathogeneses associated with vascular remodeling ([@b1-mmr-17-04-5175]). Considering the high rates of morbidity and pathogenesis associated with RS, the studies regarding the negative effects of long-term therapeutics on RS have been extensively performed. The underlying mechanisms of VSMC proliferation, migration and extracellular matrix production post-injury are highly complex and have not yet been completely determined ([@b2-mmr-17-04-5175]). Therefore, advancements with regards to the understanding of the mechanisms associated with post-injury vascular remodeling are of importance, particularly with regards to the development of preventative and therapeutic treatments for cardiovascular diseases.

The Hippo signaling pathway was originally discovered in *Drosophila* during functional genetic screening ([@b3-mmr-17-04-5175]). The Hippo signaling pathway is a kinase chain, which is composed of a series of protein kinases and transcriptional co-activators, and is involved in organ size regulation, cell proliferation and apoptosis ([@b4-mmr-17-04-5175]--[@b6-mmr-17-04-5175]). The Hippo signaling pathway is highly conserved; however, a similar signaling pathway exists in mammals. The Hippo, Salvador, Warts, Mats, Yorki and Scalloped genes in *Drosophila* are respectively homologous to macrophage stimulating 1 (MST1), salvador family WW domain containing protein 1 (WW45), large tumor suppressor kinases 1 and 2 (LATS1/2), MOB kinase activator 1 (Mob1), YY1 associated protein (YAP)/tafazzin (TAZ) and TEA domain transcription factors (TEAD) in mammals ([@b7-mmr-17-04-5175]). The aforementioned intermolecular interactions are responsible for the workings of mammalian cell signaling pathways, in addition to the mediation of cell proliferation and apoptosis levels in order to regulate organismal growth and development ([@b7-mmr-17-04-5175]). The heart of the Hippo pathway comprises a core kinase cassette that consists of a pair of related serine/threonine kinases, mammalian STE20-like protein kinase 1 (MST1; also known as STK4) and MST2 (also known as STK3), which are homologues of *D. melanogaster* Hippo 6--9 and LATS1 and LATS2 ([@b1-mmr-17-04-5175]--[@b3-mmr-17-04-5175]), together with the adaptor proteins Salvador homologue 1 (SAV1)1, 10, Mob1A and Mob1B. These proteins limit tissue growth by facilitating LATS1- and LATS2-dependent phosphorylation of the homologous oncoproteins YAP (encoded by *YAP1*) and transcriptional co-activator with PDZ-binding motif TAZ (also known as WWTR1) ([@b8-mmr-17-04-5175]). YAP is transported to the nucleus following inactivation of the Hippo signaling pathway, which is associated with the activity of numerous intracellular kinases and the activation of the proteasome system. Upstream phosphorylation cascades may phosphorylate YAP, and phosphorylated YAP (p-YAP) is subsequently retained in the cytoplasm via interaction with 14-3-3 protein. Following this, p-YAP is degraded by ubiquitin-dependent proteasomes, thus inhibiting gene expression associated with the promotion of cell proliferation and resistance to apoptosis ([@b9-mmr-17-04-5175]). In conclusion, the Hippo signaling pathway regulates YAP/TAZ function depending on the regulation of its upstream molecules and kinases.

Previous studies have revealed that neointimal hyperplasia-associated diseases, including atherosclerosis, share common underlying molecular mechanisms with tumorigenesis ([@b10-mmr-17-04-5175]). Previous studies have additionally revealed that the Hippo signaling pathway is associated with embryogenesis and the development of the cardiovascular system ([@b11-mmr-17-04-5175]). YAP, the effector of Hippo pathway, is additionally implicated in the phenotypic modulation of smooth muscle ([@b12-mmr-17-04-5175],[@b13-mmr-17-04-5175]).

WWC family member 3 (WWC3) is a member of the WWC protein family. Limited studies focusing entirely upon investigation of WW and C2 domain containing 1 (WWC1) have revealed that WWC1 may regulate the Hippo signaling pathway via interaction with the LATS1 WW domain in order to induce the phosphorylation of LATS1 ([@b14-mmr-17-04-5175],[@b15-mmr-17-04-5175]). Members of the WWC protein family share a number of highly conserved molecular structures, including the WW, C2 and ADDV domains ([@b16-mmr-17-04-5175]). Furthermore, in the present study it has been suggested that WWC3 forms a complex with LATS1, via interaction with the WW domain, in order to regulate the Hippo signaling pathway. Therefore, it is possible that WWC3 may form a complex with LATS1, via its WW domain, in order to regulate the Hippo signaling pathway.

The present study aimed to investigate the expression pattern of WWC3 in VSMCs following vascular injury, the effects of WWC3 expression on the Hippo signaling pathway, and the potential underlying molecular mechanisms associated with this process.

Materials and methods
=====================

### Cell culture

Rat A10 aortic VSMCs were purchased from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco\'s modified Eagle\'s medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scientific, Inc., USA), in a humidified atmosphere of 5% CO~2~ at 37°C. In order to perform platelet-derived growth factor BB (PDGF-BB) experiments, rat VSMCs were grown to 80--90% confluence, serum-starved for 24 h and treated with recombinant human PDGF-BB (10 ng/ml; PeproTech, Inc., Rocky Hill, NJ, USA) for a further 48 h. Cells treated with PBS served as the control.

### Animal model

Twenty male Wistar rats (350--400 g, 10 weeks) were purchased from the Experimental Animal Center (China Medical University, Shenyang, China). Housing conditions were: Temperature, 24°C, light/dark cycle (12-h), food (LAD 2001; Trophic Animal Feed High-Tech Co., Ltd., Nantong, China) and sterilized water provided. All animal studies were granted ethical approval by the Institutional Animal Care and Use Committee. Following this, rat carotid artery balloon injury was performed on 10 rats as previously described and the 10 remaining rats were the controls ([@b17-mmr-17-04-5175]). The left common, external and internal carotid arteries were dissected, and vascular injury was administered to the left common carotid artery using an A Baxter 2-Fr balloon catheter (Baxter International, Deerfield, IL, USA). Following this, the balloon catheter was removed, the external carotid artery was ligated and the wound was subsequently closed. The rats were administered penicillin to prevent infection and were then sacrificed at 14 days post-injury. The right carotid artery served as an uninjured control.

### Plasmid construction and transfection

Empty p-enhanced green fluorescent protein (EGFP)-C2, pEGFP-C2-WWC3 and pEGFP-C2-ΔWW vectors were obtained from the University of Münster (Münster, Germany). pGL3b_8xGTIIC-luciferase and pRL-TK 1 µg and 50 ng, respectively plasmids were additionally purchased (Addgene, Inc., Cambridge, MA, USA). Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) transfection reagent was used for plasmid transfection. The density of cells transfected with 2 pmol siRNA-WWC3, (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) was 80--90%. A total of 48 h later, cells were harvested for the further experiments.

### Hematoxylin and eosin (H&E) staining and immunohistochemistry

The common carotid arteries were fixed with 10% neutral formalin for 12 h at 25°C, embedded in paraffin and cut into sections (4-µm) and, following this, the sections were deparaffinized using xylene and rehydrated through a graded alcohol series (100-95-85--75%). H&E staining was performed following a standard protocol ([@b18-mmr-17-04-5175]). Immunostaining was performed using the avidin-biotin-peroxidase complex method (cat. no. KIT-9710; Ultrasensitive^™^; Fuzhou Maixin Biotech Co., Ltd., Fuzhou, China). Normal goat serum (cat. no. KIT-9710, Ultrasensitive^™^; Fuzhou Maixin Biotech Co., Ltd.) was used to reduce nonspecific binding at 25°C for 30 min. The primary antibodies used were as follows: WWC3 (cat. no. HPA039814; 1:200; Merck KGaA, Darmstadt, Germany), YAP (cat. no. 14074; 1:100; Cell Signaling Technology, Inc., Danvers, MA, USA), connective tissue growth factor (CTGF) and cyclin E (cat. nos. sc-25440 and sc-481; 1:100; Santa Cruz Biotechnology, Inc.) at 4°C overnight. Staining for primary antibody was performed at room temperature for 2 h. Biotinylated serum IgG (cat. no. KIT-9710, ready-to-use; Fuzhou Maixin Biotech Co., Ltd.,) was used as the secondary antibody. Following rinsing in PBS, the sections were incubated with horseradish peroxidase-conjugated streptavidin-biotin, followed by 3,3′-diaminobenzidine tetrahydrochloride to develop the peroxidase reaction. The sections were counterstained with hematoxylin at 25°C for 5 min and dehydrated in ethanol before mounting. All slides were examined per view at magnification, ×400.

### Protein extraction and western blotting analysis

VSMCs were washed using PBS and collected for protein extraction. The rat carotid artery was dissected into small pieces and cells were lysed using a homogenizer in cold radioimmunoprecipitation assay lysis buffer (Santa Cruz Biotechnology, Inc.). Following sonication (frequency: 30% of maximum, at 4°C for 5 sec) and centrifugation (12,000 × g, 4°C, 15 min) of the cell lysate, protein samples were quantified using ultraviolet spectrophotometry and loaded (40 µg/lane) onto a 10% SDS-PAGE gel. The following primary antibodies were used in said analyses: WWC3 (cat. no. HPA039814; 1:500; Merck KGaA), YAP (cat. no. 14074; 1:500; Cell Signaling Technology, Inc.), p-YAP (cat. no. 13008; 1:500; Cell Signaling Technology, Inc.), phospho-LATS1 (cat. no. 8654; 1:500; Cell Signaling Technology, Inc.), CTGF and cyclin E (cat. nos. sc-25440 and sc-481; 1:200; Santa Cruz Biotechnology, Inc.), GFP-tag (cat. no. 66002-1-Ig; 1:2,000; Wuhan Sanying Biotechnology, Wuhan, China), β-actin (cat. no. sc-47778; 1:1,000; Santa Cruz Biotechnology, Inc., USA), α-tubulin (cat. no. sc-5286; 1:1,000; Santa Cruz Biotechnology, Inc.) and lamin B1 (cat. no. ab16048; 1:1,000; Abcam, Cambridge, MA, USA) incubated at 4°C overnight. Samples were incubated with peroxidase-coupled secondary antibodies (cat. nos. sc-516102 and sc-2007; 1:2,000, Santa Cruz Biotechnology, Inc.) at 25°C for 2 h. 5% skimmed milk (BD Biosciences, Franklin Lakes, NJ, USA) was used for blocking at 25°C for 1 h. Proteins were transferred to polyvinylidene difluoride membranes and visualized using an enhanced chemiluminescence kit (GE Healthcare, Chicago, IL, USA). Images were obtained using a BioRad Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The relative protein levels were quantified with respect to the use of β-actin, α-tubulin and lamin B1 proteins as loading controls.

### Immunoprecipitation

Supernatants of the cell lysate were collected following centrifugation, (12,000 × g, 15 min, 4°C) precleared with protein G-agarose for 2 h at 4°C and incubated with the aforementioned antibodies overnight at 4°C. LATS1 (5 µg/ml for IP; Santa Cruz Biotechnology, Inc.), WWC3 (1:500 for immunoblotting; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Wild-type immunoglobulin G was used as a negative control. Then detected by western blotting analysis. Then LATS1 and WWC3 were measured by western blotting analysis according to the aforementioned protocol. Cell lysates from A10 cells were subjected to immunoprecipition with anti-GFP antibody GFP-tag (cat. no. JL-8; 1:3,000; Clontech Laboratories, Inc., Mountainview, CA, USA) or control IgG (cat. no. A7028; 2 µg/ml; Beyotime Institute of Biotechnology, Shanghai, China), and the presence of LATS1 was examined by anti-WWC3 immunoblotting.

### Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for 15 min, 25°C, and blocked using 5% goat serum (Invitrogen, Thermo Fisher Scientific, Inc.) for 2 h at room temperature. Cells were incubated with the following primary antibodies: WWC3 (cat. no. HPA039814; 1:50; Sigma-Aldrich; Merck KGaA), LATS1 (cat. no. sc-398560; anti-mouse; 1:50; Santa Cruz Biotechnology, Inc.), YAP (cat. no. 14074; 1:50; Cell Signaling Technology, Inc.) overnight at 4°C. Subsequently, the cells were incubated with secondary antibodies for 1 h at room temperature (anti-rabbit secondary antibody and anti-mouse secondary antibody; cat. nos. A11008 and A32727; 1:200; Invitrogen; Thermo Fisher Scientific, Inc.). Cell nuclei were counterstained using DAPI (cat. no. D9542; Sigma-Aldrich; Merck KGaA), and images were captured using a confocal microscope at magnification, ×400 (Olympus, Corporation, Tokyo, Japan).

### MTT assay

Cells were plated in 96-well plates in medium containing 10% FBS at \~3,000 cells/well, and the cells were then harvested for further experimentation at 24, 48, 72, 96, 120-h time intervals. Cell viability was determined using an MTT assay. A total of 20 µl 5 mg/ml MTT solution (cat. no. M2128; Sigma-Aldrich; Merck KGaA) was added to each well, and the plates were incubated for 4 h at 37°C. The medium from each well was removed and 150 µl dimethyl sulfoxide (cat. no. D2650; Sigma-Aldrich; Merck KGaA) was added to dissolve the purple formazan. The results were quantified using spectrophotometry at a wavelength of 550 nm.

### Cell invasion assay

A 24-well Transwell chamber with a pore size of 8-µm was used in order to determine cell invasion (Costar; Corning Incorporated, Corning, NY, USA). A total of 5×10^4^ cells were trypsinized and transferred to the upper Matrigel chamber containing 100 µl serum-free medium, and incubated for 16 h at 25°C. Medium containing 10% FBS was added to the lower chamber to act as the chemoattractant. Following this, the non-invaded cells present on the upper membrane surface were removed using a cotton swab, and the cells on the bottom surface were fixed using 4% paraformaldehyde at 25°C for 20 min and stained using hematoxylin at 25°C for 10 min. The numbers of invaded cells were counted in five randomly selected, high power fields using a light microscope at a magnification, ×200 (Olympus Corporation, Tokyo, Japan).

### Scratch wound healing assay

VSMCs were seeded into 6-well plates at a confluent density (110^6^ cells/well). Mitomycin C (20 µmol/l; Sigma-Aldrich; Merck KGaA) was added into each well, and the plates were incubated for 2 h at 25°C. Following this, cell migration was assayed 24 h post-scratching with a 100 µl pipette micro tip, and the relative closure distances were determined. Five random fields were measured by capturing images using a light microscope at magnification, ×200 (Olympus Corporation).

### Dual-luciferase reporter assay

VSMCs were seeded in 24-well plates, and transiently transfected with either PGL3b-8× plasmid GTIIC (cat. no. 34615), indicating TEAD transcriptional activity, pRL-TK, WWC3 plasmids or empty plasmids, using Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.). Following a 48-h transfection time period, cells were lysed and luciferase activity was determined using the Dual-Luciferase Assay kit (Promega Corporation, Madison, WI, USA). The activity of thymidine kinase *Renilla* served as an internal standard for normalization.

### Statistical analysis

The statistical software SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) was used for all analyses. All data are expressed as the mean ± standard deviation. All experiments were replicated triplicate and were analyzed using either the Student\'s t-test, or one-way analysis of variance followed by a Dunnett-t test as a post-hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Suppression of WWC3 expression in VSMCs is induced by PDGF-BB treatment and balloon injury

Marked neointimal hyperplasia and lumen narrowing were observed using H&E staining 14 days post-injury in the balloon-injured rat carotid artery, compared with the control group ([Fig. 1A](#f1-mmr-17-04-5175){ref-type="fig"}). Suppression of WWC3 expression and enhancement of YAP, CTGF and cyclin E expression was determined using immunohistochemistry and western blotting analysis ([Fig. 1B and C](#f1-mmr-17-04-5175){ref-type="fig"}). In addition, it was also revealed that WWC3 expression was suppressed in VSMCs treated with PDGF-BB (10 ng/ml) for 24 h, whereas YAP, p-YAP, CTGF and cyclin E levels were markedly enhanced ([Fig. 1D](#f1-mmr-17-04-5175){ref-type="fig"}). The *in vitro* results were consistent with the results of the animal experiments. The transcriptional activity of TEAD suggested that the activity of the Hippo signaling pathway was significantly enhanced following treatment with PDGF-BB ([Fig. 1E](#f1-mmr-17-04-5175){ref-type="fig"}). Furthermore, VSMC proliferation was determined, via the MTT assay, to be enhanced following treatment with PDGF-BB ([Fig. 1F](#f1-mmr-17-04-5175){ref-type="fig"}). In addition, the scratch wound healing assay and the Transwell chamber assay revealed that VSMC migration was markedly enhanced following PDGF-BB-induced injury ([Fig. 1G and H](#f1-mmr-17-04-5175){ref-type="fig"}).

### WWC3 expression inhibits the proliferation and migration of VSMCs via upregulation of the Hippo signaling pathway

In order to investigate the association between WWC3 and the Hippo signaling pathway following treatment with PDGF-BB, the expression of WWC3 was regulated in a bidirectional manner in order to investigate the effects upon the predominant components of the Hippo signaling pathway. Knockdown of WWC3 in VSMCs was revealed to suppress the levels of p-LATS1 and p-YAP, and to enhance the expression of YAP, CTGF and cyclin E ([Fig. 2A](#f2-mmr-17-04-5175){ref-type="fig"}). The transcriptional activity of TEAD, an indicator of the Hippo-YAP signaling pathway, was demonstrated to be significantly enhanced following suppression of WWC3 ([Fig. 2B](#f2-mmr-17-04-5175){ref-type="fig"}). Furthermore, VSMC proliferation and migration were enhanced following suppression of WWC3 ([Fig. 2C-G](#f2-mmr-17-04-5175){ref-type="fig"}); whereas VSMC proliferation and migration were suppressed following overexpression of WWC3 ([Fig. 3](#f3-mmr-17-04-5175){ref-type="fig"}). In addition, VSMCs were treated with PDGF-BB following overexpression of WWC3, and it was demonstrated that PDGF-BB did not induce a marked effect on the expression of genes associated with the Hippo signaling pathway, VSMC migration and proliferation ([Fig. 3A-G](#f3-mmr-17-04-5175){ref-type="fig"}). Additionally, in cells transfected with WWC3, treatment with PDGF-BB did not increase transcriptional activity ([Fig. 3B](#f3-mmr-17-04-5175){ref-type="fig"}). The results demonstrated that enhanced levels of VSMC proliferation and migration were associated with WWC3 activity following treatment with PDGF-BB, and WWC3 inhibited the proliferation and migration of VSMC cells via the Hippo signaling pathway.

### WWC3 expression inhibits the translocation of YAP to the nucleus in VSMCs

Numerous studies have demonstrated that the key process associated with the activation of the Hippo signaling pathway is YAP translocation to the nucleus. In the present study, the expression of YAP was revealed to be enhanced following treatment with PDGF-BB. Immunofluorescence staining demonstrated that the location of YAP in the nucleus was markedly increased following treatment with PDGF-BB, whereas the level of nuclear YAP was suppressed following overexpression of WWC3. Following PDGF-BB treatment, YAP expression in VSMC cells that did not overexpress WWC3 was demonstrated to be more predominantly localized in the nucleus, compared with VSMC cells overexpressing WWC3 ([Fig. 4A](#f4-mmr-17-04-5175){ref-type="fig"}). Western blot analyses of the cytoplasmic and nuclear expression of YAP in VSMCs overexpressing WWC3, following treatment with PDGF-BB, demonstrated the same result ([Fig. 4B](#f4-mmr-17-04-5175){ref-type="fig"}). These results suggested that WWC3 regulated the localization of YAP in VSMCs following treatment with PDGF-BB, suppressed YAP translocation into the nucleus and suppressed the expression of downstream genes in the Hippo signaling pathway.

### WWC3 regulates the Hippo signaling pathway via interaction with LATS1

Immunoprecipitation analyses were performed, and it was demonstrated via immunofluorescence staining that WWC3 and LATS1 were colocalized in the cytoplasm ([Fig. 5A](#f5-mmr-17-04-5175){ref-type="fig"}). Additionally, it was revealed that WWC3 may interact with LATS1 ([Fig. 5B](#f5-mmr-17-04-5175){ref-type="fig"}). In order to further investigate the interaction between WWC3 and LATS1, a WWC3 mutant plasmid with deletion of the WW domain was constructed ([Fig. 5C](#f5-mmr-17-04-5175){ref-type="fig"}). The results of the immunoprecipitation analyses demonstrated that WWC3 was no longer able to interact with LATS1 in the absence of the WW domain ([Fig. 5D](#f5-mmr-17-04-5175){ref-type="fig"}). Furthermore, western blot analysis revealed that the expression levels of p-LATS1, p-YAP, YAP, CTGF and cyclin E in cells transfected with WWC3 with a deletion of the WW domain (WWC3-ΔWW) did not markedly alter compared with the control group ([Fig. 5E](#f5-mmr-17-04-5175){ref-type="fig"}). These results suggested that WWC3 may regulate the Hippo signaling pathway via interaction with LATS1.

Discussion
==========

The role of the Hippo signaling pathway in cell development and tumorigenesis has been extensively studied; ([@b4-mmr-17-04-5175]--[@b6-mmr-17-04-5175]) however, other studies have suggested that it has an important role in the formation and development of cardiovascular system ([@b11-mmr-17-04-5175]--[@b13-mmr-17-04-5175]). A number of studies have also demonstrated that knockdown of LATS2 and MST1/2 results in heart overgrowth and cardiomyocyte proliferation ([@b11-mmr-17-04-5175]). Further studies have revealed that the Hippo signaling effector YAP is involved in the development of the cardiovascular system and is an important regulator of cardiomyocyte proliferation, cardiac morphogenesis, myocardial trabeculation and vascular development ([@b19-mmr-17-04-5175],[@b20-mmr-17-04-5175]). Furthermore, numerous animal models of cardiovascular disease have demonstrated that MST, in addition to a number of LATS targets (including microRNAs), are over-activated, and the proliferation and migration of VSMCs is subsequently increased, eventually resulting in vascular remodeling ([@b21-mmr-17-04-5175]--[@b24-mmr-17-04-5175]). However, the study of the Hippo pathway in vascular remodeling remains insufficient; associated factors and mechanisms remain to be determined and thus require further investigation.

The WWCs protein family, which has a highly evolutionarily-conserved molecular structure, may form homodimeric and heterodimeric complexes in order to affect the function and activity of themselves and other molecules ([@b16-mmr-17-04-5175]). A study using 293T cells demonstrated that, with regards to structural similarities, all WWC proteins are able to interact with LATS kinases to negatively regulate the Hippo signaling pathway via activation of LATS kinases ([@b16-mmr-17-04-5175]). At present, the majority of studies have focused on the clinical significance and biological roles of WWC1 in human cancer; thus, whether WWC3 has an association with disease pathology remains largely undetermined. To the best of the authors\' knowledge, the present study is the first to reveal that WWC3 expression is downregulated in VSMCs during neointimal hyperplasia following injury (treatment with PDGF-BB or balloon injury), the activity of the Hippo signaling pathway is suppressed post-injury, YAP translocation to the nucleus is increased, and the proliferation and migration of VSMCs is enhanced post-injury. Furthermore, the present study revealed that knockdown of WWC3 may inactivate LATS1, increase the phosphorylation and nuclear translocation of YAP, suppress the activity of the Hippo pathway and enhance the expression of downstream genes, which subsequently enhances the proliferation and migration of VSMCs. These results were consistent with the results obtained following overexpression of WWC3.

YAP, a multifunctional transcriptional coactivator that predominantly functions as an oncoprotein to promote cell proliferation and migration, is the primary effector of the Hippo signaling pathway ([@b25-mmr-17-04-5175]). It was previously demonstrated that cardiac/SMC-specific YAP knockout mice exhibited marked cardiac defects and vascular abnormalities ([@b26-mmr-17-04-5175]). YAP expression is increased during the VSMC phenotypic switch from a contractile to a synthetic state, induced by PDGF-BB stimulation during vessel injury. In addition, YAP overexpression suppresses the expression of VSMC marker genes, and enhances the proliferation and migration of VSMCs ([@b12-mmr-17-04-5175],[@b13-mmr-17-04-5175]). YAP knockout inhibits VSMC phenotypic modulation otherwise induced by arterial injury, and may attenuate neointimal formation ([@b12-mmr-17-04-5175]). Overexpression of MST1, a negative regulator of YAP, may suppress neointimal formation in balloon-injured rat carotid arteries ([@b23-mmr-17-04-5175]). Such studies have revealed various functions of YAP and have demonstrated that the most important regulatory step of the Hippo pathway is the translocation of YAP to the nucleus. The present study demonstrated that injury enhanced the total expression of YAP; however, WWC3 overexpression reduced the expression of YAP and suppressed YAP nuclear import, subsequently suppressing the expression of downstream genes that are associated with cell proliferation and migration. These results suggested that the suppression of YAP nuclear import via WWC may serve as a novel therapeutic target for the treatment of vascular diseases.

LATS1 is considered to be a tumor suppressor gene and may inhibit the proliferation and differentiation of tumor cells, and induce cellular apoptosis via downregulation of the primary effector of the Hippo signaling pathway, YAP ([@b27-mmr-17-04-5175]). LATS1/2 directly interact with YAP and phosphorylate YAP at serine 127 by targeting the HXRXXS motifs in YAP, and subsequently enhancing YAP cytoplasmic sequestration, which suppresses the activity of transcription factors ([@b28-mmr-17-04-5175]). In addition, LATS1/2 also phosphorylate YAP at serine 381, which results in the subsequent phosphorylation of YAP by casein kinase 1, and the recruitment of the E3 ubiquitin ligase, resulting in YAP polyubiquitylation and eventual degradation ([@b29-mmr-17-04-5175]). A recent study demonstrated that LATS1 is inactivated in vascular remodeling, and that LATS1 phosphorylation may markedly suppress vascular remodeling ([@b30-mmr-17-04-5175]). In the present study, it was revealed that WWC3 affects the phosphorylation of LATS1, colocalizes with LATS1, and interacts with LATS1. In the present study, a mutant plasmid of WWC3 with deletion of the WW domain was constructed, and it was demonstrated that WWC3 no longer interacted with LATS1 following WW domain deletion. Furthermore, the levels of p-LATS1, p-YAP, YAP, CTGF and cyclin E did not significantly alter following transfection with WWC3-ΔWW. Therefore, it may be hypothesized that the regulatory effect of WWC3 on the Hippo pathway is dependent on the WWC3-LATS1 interaction via the WW domain.

In conclusion, the present study demonstrated that WWC3 is able to interact with LATS1 to upregulate the Hippo-YAP signaling pathway and suppress the proliferation and migration of VSMCs. This may provide novel therapeutic targets for the prevention and treatment of vascular remodeling diseases, including atherosclerotic diseases, vascular restenosis and hypertension. Further studies are required to investigate the underlying mechanisms regarding the association between injury and the suppression of WWC3 expression.
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![Suppression of WWC3 expression in VSMCs is induced by treatment with PDGF-BB and balloon injury. (A) Hematoxylin and eosin staining of carotid artery tissues obtained from either control or balloon-injured vessels. I and II (magnification, ×100), III and IV (magnification, ×400). (B) The expression levels of WWC3, YAP, CTGF and cyclin E in rat carotid arteries following balloon injury, revealed by immunohistochemistry (magnification, ×400). (C) At 14 days post-injury, rat controls or balloon-injured carotid arteries were harvested for western blot analysis. (D) VSMCs treated with PDGF-BB (10 ng/ml) for different time periods were harvested for western blot analysis. (E) The transcriptional activity of the TEA domain transcription factor was measured using a dual-luciferase reporter assay following treatment with PDGF-BB for 24 h. (F) The MTT assay demonstrated that treatment with PDGF-BB promotes VSMC proliferation. (G) Scratch wound healing assays and (H) Transwell chamber assays revealed that treatment with PDGF-BB promotes VSMC migration. The results are presented as the mean ± standard deviation of three independent experiments. \*P\<0.05 vs. control. VSMCs, vascular smooth muscle cells; WWC3, WW family member 3; PDGF-BB, platelet-derived growth factor BB; YAP, YY1-associated protein; p-YAP, phosphorylated YAP; CTGF, connective tissue growth factor.](MMR-17-04-5175-g00){#f1-mmr-17-04-5175}

![Knockdown of WWC3 promotes VSMC proliferation and migration via downregulation of the Hippo signaling pathway. (A) Western blot analysis for the determination of the protein expression levels of WWC3, p-LATS1, YAP, p-YAP, CTGF and cyclin E in WWC3-knockdown VSMCs. (B) Gene knockdown of WWC3 was performed using siWWC3, and the dual-luciferase activity assay was performed in order to determine the transcriptional activity of TEA domain transcription factors. (C) An MTT assay was used in order to determine cell proliferation; (D) a scratch wound healing assay was performed and (E) analyzed, and a (F) Transwell chamber assay was performed and (G) analyzed in order to determine cell migration. The results are presented as the mean ± standard deviation of three independent experiments. \*P\<0.05 vs. control. VSMCs, vascular smooth muscle cells; WWC3, WW domain-containing protein-3; PDGF-BB, platelet-derived growth factor BB; YAP, YY1-associated protein; p-YAP, phosphorylated YAP; p-LATS1, phosphorylated large tumor suppressor kinase 1; CTGF, connective tissue growth factor; si, small interfering RNA.](MMR-17-04-5175-g01){#f2-mmr-17-04-5175}

![WWC3 inhibits VSMC proliferation and migration by upregulating the activity of the Hippo signaling pathway. (A) Western blotting was used to analyze the expression of WWC3, phosphorylated LATS1, YAP, p-YAP, CTGF and cyclin E in VSMCs, following transfection with WWC3 and treatment with PDGF-BB. (B) VSMCs were transfected with the WWC3 plasmid and subsequently treated with PDGF-BB. A dual-luciferase reporter assay was used to determine the transcriptional activity of TEA domain transcription factors. (C) An MTT assay was used to assess cell proliferation. (D) A scratch wound healing assay was performed and (E) analyzed, and a (F) Transwell chamber assay was performed and (G) analyzed in order to determine cell migration. The results are presented as the mean ± standard deviation of three independent experiments. \*P\<0.05. VSMCs, vascular smooth muscle cells; WWC3, WWC family member 3; PDGF-BB, platelet-derived growth factor BB; YAP, YY1-associated protein; p-YAP, phosphorylated YAP; p-LATS1, phosphorylated large tumor suppressor kinase 1; CTGF, connective tissue growth factor; NC, negative control.](MMR-17-04-5175-g02){#f3-mmr-17-04-5175}

![WWC3 suppresses the translocation of YAP to the nucleus in VSMCs treated with PDGF-BB. (A) Immunofluorescent staining of YAP in VSMCs with transfected WWC3 following treatment with PDGF-BB (magnification, ×400). (B) Western blot analyses of the cytoplasmic and nuclear expression of YAP in VSMCs with overexpression of WWC3 following treatment with PDGF-BB. α-tubulin and lamin B1 were used as cytoplasmic and nuclear markers, respectively. The results are presented as the mean ± standard deviation of three independent experiments. VSMCs, vascular smooth muscle cells; WWC3, WWC family member 3; PDGF-BB, platelet-derived growth factor BB; YAP, YY1-associated protein; NC, negative control.](MMR-17-04-5175-g03){#f4-mmr-17-04-5175}

![WWC3 regulates the Hippo signaling pathway via interaction with LATS1. (A) Colocalization of WWC3 and LATS1 was observed using immunofluorescence staining (magnification, ×400). (B) Immunoprecipitation demonstrated that WWC3 interacted with LATS1 at the endogenous level. WWC3 is the pulled down protein. (C) Schematic diagram of the structure of pEGFP-C2-WWC3 WT and pEGFP-C2-ΔWW. (D) Immunoprecipitation results demonstrated that WWC3 did not interact with LATS1 following transfection with an empty plasmid and WWC3-ΔWW. (E) The expression of proteins associated with the Hippo signaling pathway following transfection with an empty plasmid, WWC3 or WWC3-ΔWW. WWC3, WWC family member 3; PDGF-BB, platelet-derived growth factor BB; YAP, YY1-associated protein; p-YAP, phosphorylated YAP; LATS1, large tumor suppressor kinase 1; p-LATS1, phosphorylated LATS1; CTGF, connective tissue growth factor; NC, negative control; IP, immunoprecipitation; IgG, immunoglobulin G; Mut, mutant; ΔWW, deletion of WW domain; EGFP, enhanced green fluorescent protein; ADDV, C-terminal PDZ-binding motif; aPKC, atypical protein kinase C.](MMR-17-04-5175-g04){#f5-mmr-17-04-5175}
